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AbstractMadison, James P., M.S., October 1993, Geology
Hydrogeologic Model of an Intermontane Basin, Helena Valley, 
Western Montana
Director: William W. Woessner
The hydrogeology of the Helena Valley was investigated to 
test the hypothesis that mountain-front recharge is an 
important component of intermontane ground-water flow systems. 
The Helena Valley is underlain by a sequence of Tertiary and 
Quaternary age unconsolidated sedimentary deposits, and is surrounded by folded and faulted Precambrian through 
Cretaceous sedimentary, igneous, and metamorphic rocks. The unconsolidated deposits lie unconformably on bedrock, and 
attain a maximum thickness of about 6,000 feet near the 
northwest corner of the valley. The upper 100 feet of sediment consists of sand and gravel, and form an unconfined aquifer which is the primary source of water for residents of the valley. The methods used to test the hypothesis included a 
water-budget analysis and a numerical ground-water flow model. Numerical model simulations of steady state and transient 
conditions were used to support the conceptual model developed for the Helena valley-fill aquifer and quantify mountain-front 
recharge.Ground water flows from the north, west, and south margins of the valley towards Lake Helena, located in the northeast 
part of the valley. Ground water has an upward component of flow within about a four-mile radius of Lake Helena and a downward component of flow for the remainder of the valley. 
The valley-fill aquifer is recharged by inflow along the 
mountain-front, infiltration of water from streams and 
irrigation canals, excess irrigation water, and precipitation. Ground water discharges from the valley-fill aquifer to drains. Prickly Pear Creek, Lake Helena and by 
évapotranspiration.Results of the water-budget analysis show that mountain- 
front recharge for the Helena valley-fill aquifer is between 
700 and 1,600 acre-feet/year/mile of valley-fill contact. 
Mountain-front recharge accounts for between 20 and 70 percent of the total recharge.
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Chapter I: Introduction
Hydrogeologic investigations of western North America, 
which have characterized areas extending from Alaska to 
Mexico, highlight the importance that the temporal and 
spatial variations in climate have on the recharge to aquifers 
underlying valleys adjacent to mountains in these areas 
(Mifflin, 1968 and 1988; Foxworthy and others, 1988; Farrar 
and Bertolodi, 1988; Hardt, 1988; Chavez, 1988; Thomas and 
others, 1991) . These researchers have shown that precipitation 
at higher elevations in mountains adjacent to arid and semi- 
arid valleys is more important in recharging the valley-fill 
aquifers than is precipitation falling directly on the valley 
floor.
Precipitation is greater at higher elevations, and thus 
melting snowpack and runoff provide both water to streams 
which typically lose flow to the underlying aquifers upon 
entering and traversing the valleys (Farrar and Bertoldi, 
1988), and recharge to the fractured bedrock aquifer. The 
bedrock ground-water system discharges to mountain streams and 
it is theorized to the adjacent valley-fill aquifers. This 
flow of ground water into the valley-fill aquifers is called 
mountain-front recharge (Anderson and others, 1988).
Although the hydrogeology of many of the intermontane 
valleys of Western Montana has been characterized, (Pardee, 
1925; Lorenz and Swenson, 1951; Hackett and others, 1960; 
Konizeski and others, 1968; Moreland and Leonard, 1980;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Donovan,1985 ; Levings, 1986; Slagle, 1988; Miller, 1991), 
mountain-front recharge has either been dismissed or ignored 
usually on unfounded grounds. Typically, mountain-front 
recharge is disqualified with statements such as "The 
precambrian bedrock contains some water in fractures but 
otherwise is impermeable for practical purposes" (Miller, 
p.51, 1991). However, Pardee (1925) postulated that
"underground springs" flowing from the adjacent mountains 
surrounding the Townsend Valley were reasonable sources of 
recharge to the valley-fill aquifer underlying the Townsend 
Valley, but he did not attempt to quantify this source.
I hypothesize that the intermontane basins of western 
Montana receive mountain-front recharge and that mountain- 
front recharge initiates a regional ground-water flow system 
that flows from the mountains, through the valley fill and 
discharges at major basin lakes and rivers. Within the 
valleys, local and intermediate flow systems also operate 
(Toth, 1962) . These flow systems are recharged by
infiltration of stream flow, and irrigation water. Discharge 
from each ground-water flow system typically occurs as upward 
leakage to streams, lakes and marshes.
To test the validity of this hypothesis I examined the 
hydrogeology of the Helena Valley (figure 1.1). My specific 
objectives include: 1) formulation of a conceptual ground­
water flow model of the valley-fill aquifer; and 2) estimation 
of mountain-front recharge using water budgets and a numerical
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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model. The objectives of the conceptual model were to: 1)
determine the hydrostratigraphy; 2) characterize the change in 
storage and movement of ground water; and (3) develop a 
ground-water budget for the Helena valley-fill aquifer. The 
study period as referenced in this paper is from April 1990 to 
April 1991.
Geographic setting
The Helena Valley is located in West-Central Montana 
about 10 miles east of the Continental Divide and less than a 
mile west of the Missouri River (Figure 1.1 and Plate 1). The 
city of Helena, which is the capital of Montana, is located in 
the southwest part of the valley. The valley is roughly oval 
in shape and trends northwest-southeast covering an area of 
about 135 square miles. The study area includes all but the 
southeast part of the Helena Valley. The valley is bounded by 
the Boulder Batholith and Elkhorn Mountains to the south, the 
Spokane Hills to the east, the Big Belt Mountains to the 
north, and the Scratch Gravel Hills to the west. Tertiary age 
valley-fill forms a line of low rolling hills, the Spokane 
Bench, in the eastern part of the valley. A gently sloping 
Quaternary alluvial plain in the northwest part of the valley 
is separated from the Spokane Bench by an erosional scarp that 
trends north-south. The alluvial plain attains an altitude of 
about 4,000 feet along the southern, western, and northern 
margins of the valley and slopes toward Lake Helena, which is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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at the lowest altitude in the Helena Valley at 3,651 feet.
Hydrology
Pour principle streams flow into the Helena Valley: 
Prickly Pear, Tenmile, Sevenmile, and Silver Creeks (figure 
1.1). Prickly Pear Creek, the largest of these streams, 
drains about 241 mî . Prickly Pear Creek enters the valley in 
the southwest and flows north, discharging into Lake Helena. 
Tenmile Creek enters the valley from the southwest and is the 
second largest stream draining about 98 mî . Sevenmile Creek, 
a tributary of Tenmile Creek, drains about 47 mi^ to the west, 
enters the valley in the southwest, and flows southeast. 
Silver Creek drains about 4 6 mi^ to the northwest, and loses 
its flow through infiltration to the valley fill before 
reaching Lake Helena. Streamflow data are presented in
appendix A. Streamflow gaging stations operated by the U.S. 
Geological Survey (USGS) are shown in figure 1.1.
During the irrigation season--April through October-- 
irrigation water is diverted from Prickly Pear, Tenmile, and 
Sevenmile Creeks downstream of the USGS gaging stations. 
Water diverted from Tenmile and Sevenmile Creeks is used to 
irrigate about 700 acres of land west of the confluence of 
these two streams which I refer to as the Tenmile/Sevenmi1e 
Irrigation Area. Most water diverted from Prickly Pear Creek 
near the city of East Helena is used to irrigate land within 
the Helena Valley Irrigation District.
In addition to the stream diversions within the valley.
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water from the Missouri River is diverted to the Helena Valley 
Regulating Reservoir and then released to the Helena Valley 
Irrigation Canal. This canal along with smaller irrigation 
canals or laterals distributes water to 15,500 acres in the 
central part of the valley (figure 1.2). On average, 63,000 
acre-feet of water is diverted into this irrigation system 
from the Missouri River during the irrigation season (Foster, 
written commun., 1991).
To decrease water logging of land in lower portions of 
the valley, a 41-mi network of open and buried drains (figure 
1.3) intercepts and channels shallow ground water to Lake 
Helena and Prickly Pear Creek. Open drains consist of 10 to 
15 feet wide open channels which were dug 5 to 10 feet below 
land surface. Closed drains consist of 20-inch diameter 
perforated pipe buried 5 to 10 feet below land surface. 
Discharge from the closed drains flows into the open drains. 
Also, excess water from the Helena Valley Irrigation Canal is 
diverted or spilled into open drains.
Lake Helena, the primary discharge point for surface and 
ground water, formed as backwater from Hauser Dam on the 
Missouri River. Lake Helena is connected to Hauser Lake by a 
twenty foot wide opening in the causeway that separates the 
two lakes. Although net surface-water flow through the 
opening in the causeway is from Lake Helena to Hauser Lake, 
stage fluctuations in Hauser Lake cause diurnal reversals in 
the flow direction through the opening in the causeway.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Climate
The Helena Valley has a semiarid climate. Average annual 
precipitation is 11.37 inches at the Helena WSO weather 
station (National Oceanic and Atmospheric Administration, 
1982a), which is located at the Helena Regional Airport in the 
south-central part of the valley. Precipitation in May and 
June accounts for about one-third of the annual precipitation. 
Average annual free-surface-water evaporation at the Helena 
WSO weather station is about 35.5 inches (National Oceanic and 
Atmospheric Administration, 1982c). Annual air temperature 
ranges from about -35 to 100 F.
Previous investigations
Lorenz and Swenson (1951) investigated the effects of 
irrigation on shallow aquifers in the valley. Wilke and 
Coffin (1973) assessed the quality of ground water during the 
early period of extensive residential development. Depth to 
the water table and the area inundated by a flood in June 1975 
were investigated by Wilke and Johnson( 1978). Moreland and 
Leonard (1980) evaluated the shallow aquifers underlying the 
valley, and assessed the potential for contamination from 
sewage effluent and other wastes. The geology of the Helena 
Mining District and the northern part of the Boulder Batholith 
was described by Knopf (1913,1963). Pardee and Schrader 
(1933) reported on the metalliferous deposits of the Helena
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
mining area. The seismicity and faulting of the Helena Valley 
were described by Davis and others (1963), Freidline and 
others (1976), Reynolds (1979), Schmidt (1977,1986),
Stickney(1978, 1987), and Stickney and Bartholomew (1987) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter ü : Data Collection
To formulate a conceptual model of the Helena valley-fill 
aquifer system, I used data collected by this project as well 
as various local, state, federal, and private organizations. 
Formulating a conceptual model requires characterizing the 
geology which forms the physical framework of
hydrostratigraphic units, quantifying the water-bearing 
characteristics of the hydrostratigraphic units, assessing 
directions of ground-water flow from water-level data 
collected in wells, and developing a water budget which takes 
into account recharge to and discharge from the aquifer
system. The conceptual model was tested with a numerical
model. A description of my methods follows.
Geology and physical framework
I used the surficial-geology map of the Helena Valley 
prepared by Stickney (1987) to ascertain the lateral
distribution of hydrostratigraphic units in the valley-fill 
aquifer identified by Lorenz and Swenson (1951). I used the 
work of Davis and others (1963) to determine the thickness of 
valley fill and depth to bedrock.
Driller's well-completion reports were examined for 
possible use in determining subsurface geology and hydraulic 
properties. However, the reports were not used because the
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
quality of the lithologie descriptions and the specific- 
capacity data were very poor.
Aquifer properties
I analyzed data from 12 constant-discharge aquifer tests 
conducted by the USGS in order to estimate the hydraulic 
properties of the valley-fill aquifer. Four of the tests were 
performed by Moreland and Leonard (1980), and eight were 
performed by Briar and Madison (1992). Drawdown and recovery 
was measured in the pumping well for all of the tests, and in 
at least one observation well in seven of the tests. These 
data are on file with the USGS in Helena, Montana.
I analyzed the recovery data from the single-well aquifer 
tests data using methods outlined by Neuman(1975). The other 
seven aquifer tests were analyzed using either delayed-yield 
techniques of Boulton (1963) or the Cooper (1963) method for 
the analysis of leaky-confined aquifers.
W ater-Level Monitoring
I measured water levels in 83 wells (Plate 1). Most of 
the wells were monitored on a monthly basis during the fall 
and winter and semi-monthly basis during the spring and 
summer. Measurements were made using a steel tape which was 
graduated in 0.01-feet intervals. Fifteen of these were 
domestic-supply wells used regularly; the other 68 included
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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either unused domestic wells or small diameter (1.5 - 4.0
inch) observation wells installed by the USGS. Most of the 
domestic wells were only open on the end of the casing. The 
length of screens on USGS observation wells ranged from 2 to 
10 feet. Thirty of these wells formed 15 nested-pair sites-- 
one shallow well and one deep well in close proximity (Plate 
1) . The measuring points of all but 8 wells were surveyed by 
the USGS to determine elevation above sea level. The accuracy 
of the survey was 0.3 feet (James H. Hull, USGS, Perr. Comm., 
1991)
The water-level data are stored in the USGS Ground-Water 
Site Inventory (GWSI) data base. The water-level data and 
other well-construction data can be easily obtained from this 
data base by contacting the USGS in Helena, Montana. Appendix 
A presents the well identification that I used along with the 
identification needed to retrieve data from the USGS data 
base.
The water-level data were used to: 1) construct
potentiometric-surface maps which were used to assess the 
direction of ground-water flow and hydraulic gradient; 2) 
determine temporal and spatial fluctuations in the 
potentiometrie surface; 3) determine vertical hydraulic 
gradients which are used to delineate areas with either upward 
or downward components of ground-water flow; and (4) define 
calibration targets for numerical modeling.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Surface-water outflow from Lake Helena
Surface-water outflow through the opening in the causeway 
at Lake Helena was used in a water-balance equation to 
quantify ground-water discharge to Lake Helena. Surface-water 
outflow was quantified using a stage-difference/flow 
relationship. To record the stage-difference between Lake 
Helena and Hauser Lake, two stage recorders were installed, 
one on each side of the causeway. Both recorders were 
surveyed to a common datum. The recorders recorded stage 
every 15 minutes. I developed a stage-difference/flow rating 
curve by measuring flow through the causeway at various flow 
rates and stage-differences. Flow measurements were made 
using a Price AA current meter suspended from a bridge board. 
The rating curve was then used to transform the stage- 
dif ference data into flow data. Usable stage data were 
recorded during August, September, and October 1990, and March 
1991. Stage data and flow measurements are on file with the 
USGS in Helena, Montana.
Recharge-discharge
Recharge to the valley-fill aquifer occurs as leakage 
from losing streams and irrigation canals, excess irrigation 
water applied to fields, precipitation(Lorenz and Swenson, 
1951), and mountain-front recharge. Low-flow investigations
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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were conducted to quantify stream and irrigation-canal loss. 
A low-flow investigation compares the flow of a stream or 
canal at two or more sites; the seepage either to or from the 
stream or canal being the difference in the flow at two sites. 
All flow measurements were made using a Price AA meter and a 
wading rod following standard USGS methods. Recharge from 
irrigation water and precipitation was calculated as the 
difference between applied irrigation water and 
évapotranspiration which was calculated using the Blaney- 
Criddle technique (U.S. Soil Conservât ion Service Engineering 
Division, 1970). Mountain-front recharge was quantified using 
a ground-water budget equation developed for the valley-fill 
aquifer.
Discharge from the valley-fill aquifer occurs as leakage 
to Prickly Pear Creek, drains, and Lake Helena as well as 
discharge to wells. A low-flow investigation was also used to 
quantify ground-water discharge to Prickly Pear Creek. Flow 
from the three principle drains flowing into Lake Helena was 
measured at sites close to Lake Helena using a Price AA 
current meter and a wading rod. Discharge from wells was 
calculated based on per-capita consumption and population of 
the valley. Discharge to Lake Helena was calculated using a 
water-balance equation developed for Lake Helena.
When quantifying recharge and discharge, I considered 
both the error associated with measurements and calculations, 
and the effect of measurement error when adding and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
subtracting two or more measurements. For example, stream 
leakage--determined by a low-flow investigation--between two 
adjacent measurement sites is the difference in their flow. 
The flow measurements have associated error of ±5%. 
Therefore, the true stream leakage falls between two extremes 
or a low and a high value. Thus, I present recharge and 
discharge values as well as values used in recharge and 
discharge calculations as a range bounded by a low and a high 
value based on either reported error or estimated error.
Ground-water budget
After considering sources of recharge and discharge to 
the valley-fill aquifer, I developed a ground-water budget 
equation. The ground-water budget equation was used to assess 
sources of recharge and discharge and analyze the ground-water 
flow system as well as provide a means to calculate mountain- 
front recharge. The ground-water budget equation is:
PPi„ + TMi„ + SCi„ + ICin + HVIDû, + TSIAj„ + BR̂ , =
DRout + PPow + LHout + ± Storage
where
PPj„ = Recharge from infiltration of Prickly Pear Creek,
TMin = Recharge from infiltration of Tenmile Creek,
SCin = Recharge from infiltration of Silver Creek,
ICjn = Recharge from infiltration of water in irrigation 
canals and laterals,
HVIDjn = Recharge from infiltration of excess irrigation 
water and precipitation (sum of applied-
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irrigation water and precipitation minus 
évapotranspiration) in the Helena Valley 
Irrigation District,
TSIAjn = Recharge from infiltration of excess irrigation 
water and precipitation (sum of applied 
irrigation water and precipitation minus 
évapotranspiration) in the Tenmile/Sevenmile 
irrigation area,
BRj„ = Recharge from inflow from bedrock,
Dr„m = Discharge to drains,
PPou( = Discharge to Prickly Pear Creek,
LHoui = Discharge to Lake Helena,
WLgut = Discharge to wells, and
Storage = Change in ground-water storage.
Numerical model
To test and refine the conceptual model, I developed a 
numerical flow model of the valley-fill aquifer. I used the 
finite-difference ground-water flow model MODPLOW (McDonald 
and Harbough, 1987). I represented the valley-fill aquifer 
with 3 layers, 24 rows, and 24 columns. Steady-state and 
transient simulations were calibrated to water-level elevation 
measured for the period April 4, 1990 to March 14, 1991. A
detailed description of the methods and assumptions I used are 
presented in Chapter 4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter HI: Conceptualization of the Ground-Water Flow System 
Geology
The Helena Valley, a topographic and structural intermontane 
basin in the north-central part of the northern Rocky 
Mountains physiographic province, is geologically similar to 
many other intermontane basins of western Montana. The Helena 
Valley contains Tertiary and Quaternary age deposits which are 
surrounded and unconformably underlain by folded, faulted, and 
fractured sedimentary, and igneous rocks of Precambrian to 
Cretaceous age (figure 3.1).
The Helena Valley, as well as other western Montana 
basins, formed in response to middle-Miocene extensional 
faulting (Fields and others, 1984). A northwest trending, 
southwest dipping listric normal fault bounds the north part 
of the Helena Valley and delineates a half-graben structure 
(figure 3.2).
The Tertiary deposits consist of Oligocene through 
early-Miocene Renova Formation (Tr) and Middle-Miocene through 
Pliocene Six Mile Creek Formation (Tsm). The Renova 
Formation, which outcrops in the eastern part of the Helena 
Valley as well as in a few gulches around the periphery of the 
valley, underlies the Quaternary deposits (Qal) in most parts 
of the valley. The Renova's subsurface thickness ranges from 
zero feet along the southern, western, and northern parts of 
the Helena Valley to about 6,000 feet (Davis and others, 1963)
18
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near Lake Helena. Throughout most of the valley the Renova 
Formation strikes northwest and dips to the northeast; in the 
north part of the valley. Renova dips to the southwest 
(Stickney, Perr. Comm., 1990). Renova Formation sediments in 
the Helena Valley are predomintly light-colored fine-grain 
volcaniclastics deposited as discontinuous lenses of clay and 
silt with lenses of sand and gravel (Stickney, 1984; Pardee, 
1925). Oligocene age fossils were found in similar deposits 
described by Pardee (1925) in the neighboring Townsend Valley.
I interpret remnant alluvial-fan deposits that occupy 
hilltops in the southern part of the valley and north of Lake 
Helena as Middle Miocene to Late Pliocene Six Mile Creek 
Formation. These deposits consist of pebble to boulder gravel 
in a brown matrix of sand and silt. The clast are well 
rounded, and some are as large as three feet in diameter. 
Stickney (1987) interpreted these remnants as either late 
Tertiary or early-to-middle Pleistocene based on caliche 
development on clasts. Pardee (1925) interpreted similar 
deposits in the Townsend Valley as Miocene based on mammalian 
fossils. I base my interpretation on the similarity that 
these remnant deposits in the Helena Valley share with those 
deposits in the Townsend Valley described by Pardee.
Quaternary alluvial-fan deposits dominate the floor of 
the Helena Valley. Three fans emanating from Prickly Pear 
Creek, Tenmile Creek, and Silver Creek drainages coalesce to 
form a bajada that extends to Lake Helena. The alluvial-fan
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deposits lie unconformable on bedrock and Renova Formation and 
consist of discontinuous lenses of gravel, sand, silt and 
clay. The fan sediments become finer grain down slope.
Schmidt (1986) estimates the thickness of the alluvial fans to
be about 100 feet.
Along the southern and northern margin of the valley, 
pediments are overlain by a veneer of Pleistocene gravel
(figure 3.1) (Stickney, 1987). Pardee (1925) interpreted
similar erosional surfaces in the Townsend Valley as exhumed 
erosional surfaces, the same surface that the Renova was 
deposited on. Pardee (1925) also points out that the 
erosional surfaces in the Helena and Townsend Valleys as well 
as other valleys in Montana may have been part of a regional 
erosional surface that subsequently was faulted and separated 
into the basins as at present.
Hydrostratigraphy
Based on the geology of the valley fill, Lorenz and 
Swenson (1951) defined two water-bearing or hydrostratigraphic 
units that make up the Helena valley-fill aquifer. They 
referred to the Oligocene to middle-Miocene deposits as the 
Tertiary "Lake Beds" water-bearing unit and to the Quaternary 
alluvial-fan deposits as the "Quaternary Deposits" water­
bearing unit. I recognize the same hydros t rat igraphi c units.
Lorenz and Swenson interpreted the Tertiary "Lake Beds" 
water-bearing unit as confined because some wells near Lake
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Helena completed in this unit flowed water under artesian 
head. Due to the lack of a confining unit (Moreland and 
Leonard, 1980) I interpret the Tertiary "Lake Beds" water­
bearing unit as unconfined and hydraulically interconnected to 
the "Quaternary Deposits" water-bearing unit. The flowing 
wells most likely reflect a regional discharge zone and not 
confined conditions.
Hydraulic properties
The analysis of twelve aquifer test conducted in the 
valley fill resulted in hydraulic-conductivity estimates 
ranging from 1.44 feet/day to 270 feet/day, storage- 
coefficient estimates ranging from 0.00013 to 0.001, and 
specific-yield estimates of 0.12 to 0.21. Table 3.1 presents 
the results of the aquifer test analysis and figure 3.3 shows 
aquifer-test sites.
The time versus drawdown curves for all aquifer tests 
show either a delayed-yield response (Boulton, 1963) or semi- 
confined response (Cooper, 1963) (figure 3.4). The delayed- 
yield response supports the claim that the valley-fill aquifer 
is unconfined (Moreland and Leonard, 1980) .
Two scenarios may explain the apparent semi-confined 
response. First, the early part of the delayed-yield curve 
and the semi-confined curve represent similar hydraulic 
processes. Therefore, if the aquifer test would have 
continued for a longer duration, the second part of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 3.1; Aquifer-test results.
[T-tmnwnlwlvlty, b=Mtur«t*d thicioiMa, Kh> horizontal hydraulic conductivity, Kv—vortical hydraulic conductivity, 
S»atorativlty. Porlofotod or open Interval reported aa foot below land ourtaco.]
Aquifer
test
site
T
(sq-ft/day)
b
m
Kh
(ft/day)
Kv
(ft/day) S
Perforated or 
open interval 
(ft)
TS1 3070 70 44 4.9 0.21 35-44; 54-57
TS2 920 25 37 - - 18-28
TS3 30 20 2 - - 44-54
TS4 2190 20 110 0.6 0-00013 14-24
TS5 5730 30 191 - - 34-54; 60-70
TS6 8140 30 271 3.9 - 29-38
TS7 1810 13 139 - 0.00018 45-55
TS8 3200 25 128 0.1 0.00017 18-28
TS9 4290 20 215 0.2 0.08 96-123
TS10 2520 70 36 - - 48-118
TS11 60 2 30 - - Open end
TS12 12240 89 138 23 0.12 Open end
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.delayed-yield curve may have been observed. Second, the 
pumping well may have been screened in a semi-confined portion 
of the valley-fill aquifer, hence the time-versus-drawdown 
curve may truly represent semi-confined conditions.
Available data does not quantitatively define the spatial 
variation in the hydraulic properties of the valley-fill 
aquifer. The inability to quantitatively define the spatial 
variation stems from the fact that relatively few aquifer 
tests have been performed in the heterogeneous and anisotropic 
valley-fill aquifer. Results of the aquifer test, however, 
provide a sense for the values of hydraulic properties 
expected in the valley-fill aquifer.
Geologic inferences, though, can be used to qualitatively 
define the spatial variation in the hydraulic conductivity of 
the Quaternary Deposits water-bearing unit. Because the mean 
grain size of this water-bearing unit is assumed to decrease 
down gradient or towards Lake Helena (Bull,1972), the 
hydraulic conductivity, which is directly proportional to 
grain size (Hazen, 1911) probably decreases down gradient as 
well.
The hydraulic properties of the Tertiary Lake Beds water­
bearing unit are poorly known. Note that the depth of the 
screened portion of pumping wells (table 3.1) indicate that 
the aquifer tests for the most part characterize the hydraulic 
properties of the Quaternary deposits water-bearing unit. 
Miller (1991) estimated hydraulic conductivity for Renova
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Sediments in the Missoula Valley to be about 50 feet/day. 
Ground-water flow
Regionally, ground water in the valley-f ill aquifer flows 
from the bedrock in the southern, western, and northern parts 
of the valley towards Lake Helena (plate 1) . Ground water 
flows parallel to the eastern boundary of the valley-fill 
aquifer indicating a no-flow boundary. In addition to lateral 
flow, vertical gradients measured using nested-pair wells 
indicate potential vertical components of flow (fig 3.5).
Along the southern, western, and northern margins of the 
valley, ground water flows downward and away from the 
surrounding bedrock. This is the recharge zone of the 
valley-fill aquifer. Recharge sources consist of stream 
leakage, irrigation canal leakage, infiltration of irrigation 
water and precipitation, and inflow from bedrock. Recharge 
from bedrock inflow and stream infiltration is inferred from 
the potentiometric map of the shallow ground-water system 
(plate 1).
The vertical component of flow is upward in central 
parts of the valley (figure 3.5). This is the discharge zone 
of the valley-fill aquifer. Discharge is to drains. Prickly 
Pear Creek, Lake Helena, évapotranspiration, and wells.
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Aquifer storage and water-level fluctuations
Changes in aquifer storage reflect rates of ground-water 
recharge and discharge. When the ground-water recharge and 
discharge rates are equal, there is no change in storage, and 
steady-state flow conditions exist. However, when recharge 
exceeds discharge, storage increases. Conversely, when 
discharge exceeds recharge, storage decreases. During periods 
when recharge and discharge rate are not equal, transient flow 
conditions exist.
Water-level data collected during the study period allow 
several inferences to be made about aquifer storage and 
recharge-discharge in the Helena valley-fill aquifer. First, 
well hydrographs began to rise in late-April or early-May and 
continued to rise until late-August or early-September (figure 
3.6) . This indicates that recharge was greater than discharge 
during the period and that aquifer storage increased. 
Second, from late-August or early-September until late-April 
or early-May the well hydrographs declined indicating that 
discharge was greater than recharge and that aquifer storage 
decreased. Third, on average, water-level elevations in April 
1990 were equal to water-level elevations in April 1991 
indicating that recharge and discharge are in balance over 
this period.
Drains, Prickly Pear Creek, and Lake Helena effectively 
control the fluctuation of the water table in central portions 
of the valley (figure 3.7). Because aquifer storage in the
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central portions of the valley fill does not increase
significantly relative to storage increases in other parts of 
the valley fill, discharge to the drains. Prickly Pear Creek, 
and Lake Helena must increase when the storage in other parts 
of the valley increases.
Water-level fluctuations are greatest along the margin of 
the valley-fill aquifer reflecting fluctuations in recharge 
from bedrock inflow, stream leakage, and irrigation canal 
leakage (figure 3.7). Most recharge from infiltration of 
irrigation water and precipitation to the valley-fill aquifer 
occurs in central portions of the valley and does not greatly 
influence fluctuations along the margins.
Ground-water budget
A ground-water budget was developed to evaluate the
ground-water flow system in the Helena valley-fill aquifer. 
The ground-water budget equation for the Helena valley-fill 
aquifer system is:
PPi„ + TMü, + SCi. + ICü, + HVIDi„ + TSIAi„ + =
DR„ut + PPout + LH^t + WLou, ± Storage
where
PPj„ = Recharge from infiltration of Prickly Pear Creek,
TMg, = Recharge from infiltration of Tenmile Creek,
SCin = Recharge from infiltration of Silver Creek,
ICjn = Recharge from infiltration of water in irrigation 
canals and laterals.
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HVIDjn » Recharge from infiltration of excess irrigation 
water and precipitation (sum of applied- 
irrigation water and precipitation minus 
évapotranspiration) in the Helena Valley 
Irrigation District,
TSIAjn = Recharge from infiltration of excess irrigation 
water and precipitation (sum of applied 
irrigation water and precipitation minus 
évapotranspiration) in the Tenmile/Sevenmile 
irrigation area,
BRjn = Recharge from inflow from bedrock,
Dr„ut = Discharge to drains,
PPnut = Discharge to Prickly Pear Creek,
LHout = Discharge to Lake Helena,
WLnnt = Discharge to wells, and 
Storage = Change in ground-water storage.
Monthly and total values for the components of the ground­
water budget are presented in table 3.2. Each component of 
the ground-water budget equation is discussed below.
Recharge
s t r e a m  l e a k a g e
Leakage from Prickly Pear and Tenmile Creeks can be 
inferred from the potentiometric map of the shallow ground­
water system (plate 1) . Leakage from Silver Creek is 
substantiated from field observations. A low-flow
investigation was conducted on October 25, 1990 to quantify
stream leakage to and from the ground-water system (figure 
3.8).
The low-flow investigation data are representative of
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base-flow conditions. Because I had only one data set, I had 
no way to statistically evaluate loses and gains temporally. 
I assumed that the leakage to and from the valley-f ill aquifer 
does not vary greatly with changes in streamflow and that the 
low-flow investigation values are representative throughout 
the year. I realize that: 1) as streamflow increases, loses 
will increase, and different reaches may lose and gain flow 
and 2) there are periods when irrigation withdrawals decrease 
streamflow to less than the minimum potential leakage 
determined from the low-flow investigation. In those cases, 
I set leakage equal to actual stream-flow.
Prickly Pear Creek loses between 6.4 and 10.9 
feet^/second to the aquifer system between measurement sites 
PI and P4 figure 3.8 and table 3.3). Most, if not all of the 
loss is between sites P2 and P4. For the months of July and 
August leakage to the aquifer system may be less than the 
minimum potential leakage owing to streamflow depletion by 
diversion for irrigation (Bill Wegner, Perr. Comm., 1991). 
Total recharge to the aquifer system from Prickly Pear Creek 
(PPin) is estimated to be between 3,830 and 7,890 acre-feet for 
the study period.
Tenmile Creek loses between 10.1 and 11.2 feet^/second to 
the aquifer system between sites T3 and T6. Streamflow 
depletion by diversion for irrigation during the months of 
July and August limits the leakage to the aquifer which is 
consistent with field observations. Total recharge to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 3.3: Results of low-flow investigation conducted on 
Octot>er 25,1990-refer to Figure 3.8 for locations
Stream Location Flowfcfs)
Sevenmile Creek SM1 4.59
N m SM2 3.99 (1)
N m SM3 4.93
Tenmile Creek TM1 4.97
M m TM2 3.19 (2)
II N TM3 5.69
H H TM4 9.67
II II TM5 3.82
N II TM6 0.00
Prickly Pear Creek PP1 19.7 (3)
N « PP2 27.6
N H PP3 17.3 (4)
N N PP4 18.0
M H PP5 34.6 (5)
M H PP6 36.6
(1) Streamflow locally Influoneed by •  boavor dam
(2) Straamflow locally Influanead by a baavar dam
^  Maacuramant taken upatraam of McClellan Creak which waa 
flowing at 6.98 cfa
<4) Water waa being diverted between thia aite and PP2 to a 
ameJi irrigation ditch which waa aetlmeled to be flowing at 
aboutScfe
^  Flow from a drain meaaurad at 4.36 cfa and aewaga- 
effluent flow meaaurad at 4.21 cfa were entering Prickly 
Pear Creek between thia aite artd PP4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
40
aquifer system from Tenmile Creek (TMj„) is between 5,000 and 
6,960 acre-feet for the study period.
Silver Creek loses all of it flow to the alluvial aquifer 
not far from where the stream enters the valley. Streamflow 
was estimated (Briar and Madison, 1992) by comparison with 
streamflow in nearby drainage basins with similar
characteristics to Silver Creek. Total recharge to the
aquifer system from Silver Creek (SCj„) is between 990 and
3,040 acre-feet for the study period (appendix B, SCdis).
Irrigation canal and laterals
A low-flow investigation on a 15.5 mile section of the 
Helena Valley Irrigation Canal (figure 1.2) was conducted on 
April 12, 1991--twelve days after the canal was first filled 
for the irrigation season. None of the distributary canals 
between the measurement sites were diverting flow, and the 
stage appeared to be normal. Flow measurements indicate this 
reach of the main canal was losing between 2.95 and 15.8 
feet^/second or 0.19 to 1.04 feet^/second/mile which I assume 
to be representative of the remaining 6.5 miles of main canal. 
To estimate the leakage from the 44 miles of smaller 
distributary canals, I assumed that : 1) the depth of water in 
the smaller canal and main canal is equal; 2) hydraulic
properties of the bottom of the main canal and smaller canals 
are similar; 3) the leakage rate is representative of canal
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leakage; and 4) that the smaller canals have one third the 
wetted perimeter, and therefore, one third the leakage rate of 
the main canal. Leakage from the main canal and smaller 
distributary canals (ICj„) to the aquifer was estimated to be 
between 2,160 and 11,550 acre-feet for the study period.
The leakage rate from the main canal and distributary 
canals probably decreases with time. When the canals are 
first filled for the season, rotten plant roots and 
desiccation cracks serve as conduits through the lining of the 
canal. These conduits are soon destroyed, and the leakage 
from the canal is controlled by the hydraulic conductivity of 
the canal bottom. Hence, the leakage rate decreases. 
However, no attempt was made to adjust the data to reflect 
this.
Precipitation and irrigation
I assumed two criteria are important when considering 
infiltration of precipitation: (1) the location within the
valley and (2) the season. From October through March when 
plants are not transpiring the normal potential evaporation in 
the Helena Valley is 7.13 in. (NOAA,1982b,c> and normal 
precipitation is about 3.58 in. (NOAA,1982b,c). Because the 
normal potential evaporation is greater than the normal 
precipitation and the ground is frozen during most of this 
period, the aquifer probably does not receive recharge from 
precipitation during this period.
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From April though September, infiltration of 
precipitation depends on whether it falls on irrigated or 
nonirrigated areas of the valley. Normal precipitation in the 
Helena Valley for this period is about 7.79 in (NOAA,1982,a) 
and normal potential evaporation is about 28.38 in. 
(NOAA,1982,c). Therefore, except for periods of sustained 
precipitation large enough to overcome the field capacity of 
the soil, the aquifer does not receive recharge from the 
infiltration of precipitation in nonirrigated areas during 
this period.
The aquifer is recharged by excess irrigation water and 
precipitation during the irrigation season in the 15,500 acres 
of Helena Valley Irrigation District (HVIDî ) (figure 1.2) and 
in the 700 acres of Tenmile/Sevenmile irrigation area (TSIAj„) 
During this period, the soil does not have a moisture 
deficiency and is assumed to be at field capacity. Irrigation 
water and precipitation not evapotranspired are able to 
infiltrate the soil and recharge the aquifer. Total applied 
irrigation water and precipitation is between 41,410 and 
87,210 acre-feet (appendix C), and calculated 
évapotranspiration is between 28,920 and 38,580 acre-feet 
(appendix D). Therefore, recharge to the aquifer from excess 
irrigation water and precipitation ( HVID^ and TSIAi„) may be 
between 9,010 and 58,290 acre-feet.
Mountain-front recharge
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Mountain-front recharge to the valley-fill aquifer is 
supported by several lines of evidence. First, the 
potentiometric contours are parallel to the bedrock-alluvium 
contact indicating flow from the bedrock to valley fill. 
Second, there are a number of wells completed in the bedrock 
along the margins of the valley that provide an adequate 
supply of water for domestic and stock purposes. Third, 
folding, and faulting of the PreCambrian-Cretaceous rocks 
that form the foot hills and mountains surrounding the valley 
produced a secondary permeability in the form of joints, 
fractures, and shears all of which are capable of transmitting 
water.
Recharge to the aquifer system from inflow through 
bedrock (BR̂ ,) for the study period, calculated as a residual 
in the ground-water budget equation, is between 23,410 and 
4 9,46 0 acre-feet. However, the spatial and temporal 
variations in bedrock recharge cannot be determined from 
water-budget calculations. This will be addressed in the 
numerical modeling section.
Discharge
Drains
The temporal change in rate of ground-water discharge to 
the drains probably is directly proportional to the rate at 
which well hydrographs rise and decline (figure 3.6). From 
mid April until late July or early August, the rate of ground­
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water discharge to the drains probably increases. From late 
July or early August until mid April, the rate of ground-water 
discharge to the drains probably decreases.
Combined flow of the three principal drains entering Lake 
Helena was between 40.6 and 44.8 feet^/second in October 1990 
and between 2 9.8 and 33.0 f eet^/second in February 19 91. 
Another drain that flows into Prickly Pear Creek was measured 
on October 25, 1990 and flow was between 4.00 and 4.42 
feet^/second (figure 1.3). The measurement of ground-water 
discharge to drains during the irrigation season is 
complicated because excess irrigation water is diverted to the 
drains during this period. Ground-water discharge to the 
drains (Drouj) during the study period was estimated to be 
between 28,33 0 and 31,320 acre-feet (discharge during April, 
May, December, January, February, and March based on 
February,1991 flow measurements, and discharge during June, 
July, August, September, and October based on October 1990 
flow measurements).
Prickly Pear Creek
Ground-water discharge to Prickly Pear Creek can be 
inferred from the potentiometric map of the shallow ground­
water system (plate 1) . The rate of ground-water discharge to 
Prickly Pear Creek probably varies in proportion to the rate 
of ground-water discharge to drains.
The low-flow investigation conducted on October 25, 1990
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(figure 3.8) indicates that Prickly Pear Creek gains between 
7.5 and 12.1 feet^/second between measurement sites P4 and P6 
which I have to assume is representative throughout the year. 
Ground-water discharge to Prickly Pear Creek (PPout) during the 
study period was between 5,44 0 and 8,73 0 acre-feet.
Evapotranspiration
Values for évapotranspiration were presented in the 
recharge section on infiltration of irrigation water and 
precipitation. I discuss the method I used to calculate ET 
from land during the irrigation season in irrigated portions 
of the valley in appendix D.
Lake Helena
The upward hydraulic gradient in northeast-parts of the 
Helena Valley indicates the potential for ground-wat er 
discharge to Lake Helena (figure 3.5) . A water-budget 
analysis was used to estimate ground-water discharge to the 
lake. A schematic of the water-budget for Lake Helena is 
shown in figure 3.9. The water-budget equation for Lake 
Helena is :
PPlh + SEjn + HVIDspiii + PPTjn + DRoui + LHout =
CSWY^, + EVAP„„,
Where,
PPlh = Prickly Pear Creek flow into Lake Helena,
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Figure 3.9: Box model of Lake Helena water budget
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SEj„ = sewage effluent flow into Lake Helena,
HVIDspai = irrigation water spilled into Lake Helena,
PPTin = precipitation on Lake Helena,
DRqu, = drain flow into Lake Helena,
GWqui = ground-water discharge to Lake Helena,
EVAPoui = evaporation from Lake Helena, and 
CSWYoui = Surface-water outflow from Lake Helena.
Sewage effluent and discharge from a drain, and excess 
irrigation water flow into Prickly Pear Creek and drains 
respectively, but for simplification I chose to leave them as 
separate sources. Lake Helena water-budget calculations are 
provided in appendix E.
The water-budget equation for Lake Helena includes flow 
from Prickly Pear Creek. The streamflow estimates of Prickly 
Pear Creek (PPdis, appendix A) where it enters into the valley 
had to be corrected to be used in the water-budget equation 
for Lake Helena because Prickly Pear Creek loses and gains 
flow between the USGS gaging station and Lake Helena. The 
following equation was used to correct Prickly Pear flow:
(PPdis + MCdi, - HVIDppd - PPin + PPout) + (TMdi, + S M ^  - TS»j - T M J  
Where,
PPLH=P^^^)^^y Pear Creek flow into Lake Helena,
PP<iis=Prickly Pear Creek flow at USGS gaging station 
06061500,
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MC^jjsMcClellan Creek flow at USGS gaging station 
06061900,
HVIDppd=water diverted from Prickly Pear Creek for 
irrigation,
PPj„=infiltration of water from Prickly Pear Creek into 
the valley-fill aquifer,
PPout=ground-water discharge to Prickly Pear Creek,
TM<jis=Tenmile Creek flow at USGS gaging station 06062990,
SMdij.=Sevenmile Creek flow at USGS gaging station 
06062990,
TStsj=Water diverted from Tenmile and Sevenmile Creeks 
for irrigation, and
TMjn=infiltration of water from Prickly Pear Creek into 
the valley-fill aquifer.
Using the water-budget equation for Lake Helena, mean 
daily ground-water discharge into Lake Helena was calculated 
to be between 25.1 and 258 acre-feet. This order of magnitude 
range is mostly due to error associated with measurements of 
flow from Lake Helena (CSWŶ )̂ . Based on these rates, total 
ground-water discharge to Lake Helena (LH„m) for the study 
period was between 9,160 and 94,180 acre-feet. I narrow this 
range with the numerical model.
Wells
The 13,000 Helena Valley residents living outside Helena 
City Limits and residents of East Helena depend on water 
withdrawn from wells for domestic purposes. Because of the 
abundance of surface water in the Helena Valley, relatively
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 9
few wells are used for large-scale irrigation.
Well-completion reports on file with the Montana Bureau 
of Mines and Geology list about 2,440 wells as being completed 
in areas identified as Quaternary alluvium (Qal) and along the 
toe of Quaternary-Tertiary pediments (QTp) shown in figure 
3.1. Of the 2,225 wells in the database that have water-use 
information, 87 percent are reported as being used for 
domestic supply. Of the 1,840 domestic wells in the database 
that have depth information, almost 6 0 percent have been 
completed at depths less than 70 feet. Of the 2,440 wells 
listed in the database, 37 are used for public supply which 
provides water to small housing developments. Domestic 
wastewater from essentially all households supplied by wells 
is disposed of onsite through private septic systems. The 
wastewater is distributed to the unsaturated zone where it 
migrates downward to the shallow ground-water system.
Estimated average withdrawal for domestic use is 13 8 
gallons/day/person with 87 gallons/day/person or 63 percent 
being returned to the shallow ground-water system through 
septic systems(Montana Department of Natural Resources and 
Conservation, 1986). Based on 13,000 Helena Valley residents 
served by private water supplies, and a net consumptive use of 
51 gallons/day/person net withdrawal from the aquifer system 
for domestic use is about 2 acre-feet/day or about 730 acre- 
feet /yr. The City of East Helena supplements its water supply 
with four wells completed in the valley fill that withdraw
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about 70 acre-feet/year (E. F. Murgel, City of East Helena 
Public Works Department, written commun., 1991). Assuming an 
error of ±20%, net discharge from the valley-fill aquifer 
system to wells for domestic use is between 640 and 960 acre- 
feet /yr.
Using onsite well inventories, and estimated irrigated 
acreage, the total volume of water withdrawn by irrigation 
wells in the Helena Valley is estimated to be between 1960 and 
2,950 acre-feet/yr. Between 950 and 1,170 acre-feet/year is 
returned to the aquifer system through infiltration of excess 
irrigation water applied to irrigated fields. Net ground­
water discharge from the valley-fill aquifer system to wells 
(WLout) for domestic and irrigation purposes is between 1,430 
and 2,960 acre-feet/yr.
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Chapter IV: Numerical Model of the Ground-Water Flow System
To test and refine the conceptual ground-water flow 
model, I developed a three-dimensional numerical flow model of 
the valley-fill aquifer. I used the public-domain finite- 
difference model 'MODFLOW' (McDonald and Harbough, 1988) to 
simulate ground-water flow. Specific modeling objectives 
included determining the spatial and temporal distribution of 
bedrock recharge and refining the estimate of ground-water 
discharge to Lake Helena.
Developing the numerical model required: 1)
transforming the conceptual model into a numerical model; 2) 
calibrating the numerical model to steady-state and transient 
conditions; 3) performing sensitivity analysis on the steady 
state model and transient models.
Transformation
Grid and layers
I simulated the valley-fill aquifer with a finite- 
difference grid with 24 rows, 24 columns, and three layers.
A uniform column and row spacing of 2,640 feet (one-half mile) 
was used. The columns are oriented to geographic north, and 
the southwest corner of model cell 10, 21 (row, column)
coincides with the southwest corner of T.ION R.2W Section 31 
(figure 4.1).
Model layers one and two represent the Quaternary water­
bearing unit, and layer three represents the Tertiary Lake
51
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Figure 4.1: Finite-difference grid--cells are 2,640 feet 
square.
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Beds water-bearing unit. Representing the Quaternary water­
bearing unit with two layers allowed vertical gradients to be 
calculated from the simulated hydraulic-head data and to be 
compared with field measurements. Model layer one was modeled 
as unconfined. In accordance with MODFLOW protocol, layers 
two and three were modeled as confined because these layers do 
not de-water and hence, saturated thickness does not change. 
The bottom elevations of layer one cells were set 35 feet 
below the potentiometric surface at the location of the cell 
node. Layer two was implicitly modeled as 75 feet thick. 
Layer three was implicitly modeled as a maximum of 1,000 feet 
thick in northern and eastern portions of the valley and 
decreased to 180 feet towards the south and west margins 
reflecting the thinning of the valley fill.
The distribution of active cells within layers one and 
two corresponds mostly to the bedrock/valley-fill contact in 
the southern, western, and northern parts of the valley and to 
the Quaternary/Tertiary contact in the eastern part of the 
valley (figures 4.2 and 4.3) . To determine the lateral extent 
and thickness of active cells in layer three, the bedrock 
surface was projected into the subsurface from various points 
along the bedrock/valley-fill contact using data from Davis 
and others (1963) (figure 4.4) . The eastern extent of active 
cells in layer three was taken as the Quaternary/Tertiary 
contact. Cells not active are not included in finite- 
difference calculations.
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Boundary conditions, and sources and sinks
The model is bounded by specifled-flow and no-flow 
boundaries. The flow of water from bedrock into the valley- 
fill aquifer is represented by a specified flow boundary 
(BRjn) . I simulated this boundary with injection wells 
(MODFLOW's Well Package) placed in layers one, two and three 
(figures 4.5, 4.6, and 4.7). The east boundary of the model 
was simulated as a no-flow boundary .
Recharge to the aquifer from infiltration of water from 
streams (PPjn/ and SCj„) , the Helena Valley Irrigation Canal
and laterals (ICj„) , and irrigation affects (HVIDjn, and TSIÂ „) 
were simulated in layer 1 with injection wells (figures 4.8, 
4.9, and 4.10). Injection rates assigned to cells to simulate 
stream and canal loss were based on estimated streamflow loss 
along a reach proportioned by the length of losing reach in 
each cell. Injection rates assigned to cells used to simulate 
infiltration of excess irrigation water and precipitation were 
based on the estimated recharge from this component 
proportioned by the irrigated area within each cell.
Ground-water discharge to Prickly Pear Creek (PPom) , Lake 
Helena (LĤ u,) , and drains (DRĵ ,) was simulated using pumping 
wells, and specified-head cells, and the Drain Package 
(MODFLOW), respectively (figures 4.9 and 4.11). Pumping rates 
assigned to cells used to simulate Prickly Pear Creek gain 
were based on estimated streamflow gain proportioned by the 
length of gaining reach in each cell. I specified a head of
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3,650 feet--the elevation of Lake Helena--for cells in layer 
1 representing the part of the valley-fill aquifer underlying 
Lake Helena. Drain bottom elevation was set to 7 feet below 
the average land elevation within the cells. Drain 
conductances assigned to cells were proportioned based on the 
length of drain within cells and adjusted during calibration.
I did not simulate discharge from domestic and irrigation 
wells (WLqu,) because it is a small component of the total 
ground-water budget. This minor discharge is distributed over 
a large area and would probably not influence the results of 
the numerical simulation.
Hydraulic Properties
The model requires that horizontal hydraulic-conductivity 
values be assigned to all active cells. The range of 
horizontal hydraulic-conductivity values assigned to layers 
one and two were within the range determined from the aquifer 
tests (table 3.2), and were adjusted during steady-state 
calibration. The hydraulic-conductivity values assigned to 
cells in layers one and two decreased with distance away from 
the valley-fill margin towards Lake Helena, A constant 
hydraulic-conductivity value was assigned to layer three 
active cells and adjusted during steady-state calibration.
Vertical hydraulic conductivity was used to calculate the 
vertical conductance (MODFLOW) between layers one, two, and 
three. Vertical hydraulic conductivity within a cell was
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assumed to be two orders of magnitude smaller than the 
horizontal hydraulic conductivity.
Transient simulations require assigning storage values to 
active cells in all layers. I assigned specific-yield values 
to layer one because it is treated unconfined by MODFLOW. To 
active cells in layers two and three, I assigned storativity 
values because MODFLOW treats these layers confined.
Calibration
Calibrating a numerical flow model involves areally 
adjusting hydraulic characteristics within acceptable ranges 
until the simulated response is similar to the observed 
response of the ground-water flow system. Usually, either 
field-measured or calculated components of the ground-water 
flow system are compared to their simulated counterparts, and 
when the difference between either measured or calculated and 
simulated components is small, the model is deemed calibrated 
(Anderson and Woessner, 1991) .
However, field-measured and calculated components of the 
ground-water flow system have a certain amount of associated 
error. Therefore, the goal of calibration should be not to 
simulate the field-measured and calculated components of the 
flow system exactly, but rather to within a range defined by 
the associated error.
Woessner and Anderson (1990) propose that premodeling
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calibration targets should be established. The calibration 
targets consist of field-measured and/or calculated components 
of the flow system (calibration value) and associated error 
(calibration criterion; ie, field measurement ± error). For 
example, water-level measurements and associated error (field 
and model related) forms a calibration target.
Most of the wells used in the calibration do not coincide 
with the center of the model cell--the cell node-- which is 
where simulated water-level elevations are located. 
Therefore, I extrapolated the water-level elevations (based on 
observed potentiometric gradients) measured in the 26 wells to 
the node of the cell in which the well is located. The 
calibration criterion was determined to be about ±5 feet and 
is based on instrument error, and extrapolation error.
Calibration targets also provide a means to assess the 
degree of calibration. Calibration levels can be defined from 
the calibration targets (Woessner and Anderson, 1990). 
Calibration of the simulated component to within the 
calibration target (ie., measurement ± error) would be a level 
1 calibration. Calibration of a simulated component to within 
two times the calibratioh criterion (ie., measurement ± 
2* (terror)) would be a level 2 calibration, and so forth.
Steady-state calibration
Well hydrographs indicate that there are two periods when 
the valley-fill aquifer approaches steady-state--April and
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August (figure 3.6). I modeled the steady-state conditions of 
April because the aquifer is responding to fewer hydrologie 
stresses (irrigation effects) than in August. For steady- 
state calibration, the recharge components simulated were 
leakage from Prickly Pear (PPjn) , Tenmile (Tm̂ )̂ , and Silver 
Creeks (SCj„) , and inflow from the adjacent bedrock (Br̂ n) . 
Discharge components simulated were drains (Dr„m) , Prickly Pear 
Creek (PPput/ and Lake Helena (LĤ u,) .
I calibrated the steady-state model to water-level 
elevations measured on April 4 and 5, 1990 in 26 wells
finished in layer one (figure 4.12) . I calibrated to wells in 
layer 1 because water-level elevations were not measured in 
deeper wells for these dates. However, I did use vertical- 
gradient data as a basis for evaluating simulated water-level 
elevations in layers 2 and 3.
During steady-state calibration, the model parameters I 
adjusted included hydraulic conductivity, specified-flow rates 
used to simulate inflow from bedrock, and drain conductances. 
Specified-flow rates used to simulate loss and/or gain from 
the creeks were not adjusted during calibration. Drain 
conductances were adjusted so that leakage rates agreed with 
the estimated leakage rates (DR̂ uJ . Because ground-water 
discharge to Lake Helena was simulated with constant-head 
cells, no adjustments were made, and the discharge rate to 
Lake Helena was dependent on the hydraulic head in cells 
surrounding and underlying the constant-head cells.
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Initially, the flow rate assigned to cells used to simulate 
inflow from bedrock were based on the assumption that there is 
an equal flux (discharge/area) to all three layers (figure 
4.13) . However, modeling using these assumptions resulted in 
simulated upward hydraulic gradients throughout most of the 
model, simulated Water-level elevations in central portions of 
the valley tens-of-feet greater than measured water-level 
elevations, and simulated water-level elevations along the 
western and southern margins of the model tens-of-feet less 
than measured water-level elevations.
To increase the simulated water-level elevations along 
the western and southern margins of the model, I decreased the 
simulated flux from the bedrock into layer three, and 
increased the simulated flux into layer one (figure 4.13). 
This resulted in a closer match between simulated and measured 
water-level elevations throughout the model area, and a closer 
spatial match between simulated and measured vertical 
hydraulic gradients.
During the final stages of calibration the simulated flux 
from the bedrock, and the hydraulic-conductivity distributions 
were adjusted to bring the simulated water-level elevations to 
within the smallest calibration level. The calibrated 
distribution of hydrau1ic-conductivity for layers one and two 
are presented in figures 4.14, and 4.15 respectively. The 
calibrated hydraulic conductivity distribution of layer three 
was a uniform 45 feet/day. Calibrated vertical hydraulic
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Lave-r 1
Bedrock
Flux
■ïH
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Bedrock
Fiux
Layer 1 
Layer 2
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Figure 4.13: Conceptualization of flux into layers 1, 2 , and 
3,. a) constant flux into all three layers, 
and b) flux decreases with depth.
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conductivity was two orders of magnitude less than the 
horizontal hydraulic conductivity for all layers, A map of 
selected simulated and observed potentiometric contours is 
shown in figure 4.16. Table 4.1 presents the extrapolated and 
simulated water-level elevations. Table 4.2 presents the 
conceptual and simulated steady-state water budgets.
Calibration to level 1 was achieved at 16 of the 26 
sites, and level 2 calibration at 5 sites, and level 3 at 5 
sites. The root-mean-square error (square root of the average 
of the sum of the squares of the differences between simulated 
and measured water-level elevation) for the 26 sites was 6.00 
feet. Figure 4.17 and table 4.1 shows the difference between 
simulated and measured water-level elevations, and the 
calibration levels achieved at the 26 sites.
Transient Calibration
The transient model was calibrated for the period April 
5, 1990 to March 14, 1991 to water-level elevations measured 
in the same 26 wells used in the steady-state calibration 
(figure 4.12). All recharge and discharge components in the 
conceptual ground-water budget were simulated except discharge 
from wells (WL̂ y,) . The simulated water-level elevations from 
the steady-state model were used as starting water level- 
elevations for the transient simulation. Twenty-six stress 
periods were used in the transient simulation. Each stress 
period ended either at the end of each month, or on or near
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Figure 4.14: Calibrated horizontal hydraulic conductivity
distribution, layer 1--layer thickness is about 
35 feet.
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Table 4.1: Steady-state calibration results
(WateNeveJ elevaëon and ditferenca in teatj
Well
Model
C ell*
Extrapolate
water-level
elevation
Simulated
water-level
elevation Difference
Calibration
level
GS4 (01,14,04) 3,923.90 3,920.74 -3.16 1
GS1 (01,17,04) 3,908.12 3,897.22 -10.9 3
GS5 (01,14,07) 3,810.84 3,808.42 -2.42 1
GS6 (01,14,08) 3,792.59 3,789.99 -2.6 1
GS7 (01,08,08) 3,723.63 3,718.24 -5.39 2
UN15 (01,04,05) 3,860.37 3,858.28 -2.09 1
GSIO (01,08,10) 3,704.95 3,704.21 -0.74 1
GS11 (01,10,10) 3,706.28 3,713.46 7.18 2
GS15 (01,14,10) 3,757.63 3,756.27 -1.36 1
GS12 (01,12,10) 3,728.34 3,729.97 1.63 1
GS14 (01,13,11) 3,727.85 3,736.25 8.4 2
GS16 (01,16,11) 3,779.98 3,780.21 0.23 1
GS21 (01,15,11) 3,755.35 3,757.03 1.68 1
GS26 (01,11,11) 3,708.55 3,716.01 7.46 2
GS30 (01,11,15) 3,681.66 3,685.74 4.08 1
GS34 (01,06,14) 3,661.08 3,674.57 13.49 3
GS52 (01,04,16) 3,662.26 3,666.64 4.38 1
GS38 (01,08,22) 3,663.38 3,666.70 3.32 1
GS39 (01,09,22) 3,668.86 3,670.95 2.09 1
GS40 (01,12,21) 3,693.93 3,693.90 -0.03 1
GS41 (01,13,21) 3,703.52 3,702.89 -0.63 1
GS47 (01,15,15) 3,730.44 3,721.37 -9.07 2
GS49 (01,17,16) 3,763.34 3,774.66 11.32 3
GS50 (01,15,18) 3,732.34 3,722.01 -10.33 3
DM6 (01,17,22) 3,735.02 3,736.27 1.25 1
GS46 (01,13,17) 3,707.69 3,702.78 -4.91 1
•(Layer, How, Column)
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Table 4.2: Simulated and conceptual steady-state water budgets
Conceptual 
ground-water 
budget
Simulated 
ground-water 
budget
Cubic feet per day
Recharge L H
PPin 551,760 943,800 564.540
TMin 871,200 958,320 869,620
SCin 87,120 406,560 246,840
MFin 2,236,080 5,154,600 4,293,450
TOTAUn 3,746,160 7,463,280 5,974,450
DRout 2,570,040 2,845,920 2,581,100
PPout 653,400 1,045,440 1,173,550
LHout 813,120 10,933,560 2,219,800
TOTALout 4,036,560 14,824,920 5,974,450
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level elevations used in calibration were measured.
The hydraulic-conductivity distributions along with the 
vertical-conductance values used to calibrate the steady-state 
model were used for the transient calibration, but were not 
changed during transient calibration. Initially a specific 
yield of 0.20 was assigned to active cells in layer one and a 
storativity value of 10^ was assigned to active cells in 
layers two and three.
During transient calibration, recharge and discharge 
components along with specific yield were adjusted to simulate 
water-level elevations to within the nearest calibration 
level. Initially, I tried modeling inflow from bedrock at a 
constant rate based on the conceptual water budget. However, 
simulated well hydrographs would neither rise nor decline in 
comparison to field measured hydrographs, therefore 
adjustments were made to reflect timing and increase in 
recharge as seen in the field measured well hydrographs.
Except for Silver Creek, simulated stream loses and gains 
were adjusted to reflect: 1) increase streamflow which would 
cause losses to increase, and 2) increase in water-level 
elevations which would cause gains to increase. Simulated and 
field measured hydrographs of wells near the streams were 
compared and served as a guide for adjusting losses and gains.
Simulated net discharge or recharge rates from irrigated 
portions of the valley were changed during the simulation. 
Most of the change was to the rates used to simulate the
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Tenmile/Sevenmile Irrigation Area (TSIÂ ,) . Hydrographs of 
water-level elevations in wells located near this area were 
compared to simulated well hydrographs as a bases for
adjusting rates. Adjusting simulated rates in the Helena
Valley Irrigation District (HVIDi„) appeared not to have an
effect on water-level elevations and were adjusted minimally. 
The infiltration from irrigation-canal leakage (ICi„) was set 
to within conceptual values and was not adjusted during 
calibration.
Drain-bottom elevation and conductance used in the
steady-state simulation were reset for transient simulations 
because water-level elevations throughout the model at the end 
of the transient simulations were too high indicating not 
enough water was discharged to the drains. The bottom 
elevations for the drain cells were set equal to simulated 
steady-state water-level elevations within the cells and the 
drain conductance values increased. If the drain conductances 
had only been increased, the drain discharge during the first 
few stress periods would have been too high and water-level 
elevations at the end of the transient simulation too low.
Specific yield of layer 1 was set initially to 0.20 and 
was decreased to 0.05 for final calibration. During 
calibration, using larger values of specific yield (Sy > 0.05) 
caused the rate of rise and decline in simulated well 
hydrographs to be less than their field measured counterparts. 
Initial storitivity values for layers two and three of 10*̂
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were not adjusted during calibration.
The results of the calibrated transient simulation are 
presented in table 4.3, which shows the difference between 
simulated and measured water-level elevations and the RMS 
error for each stress period of the transient simulation. 
Simulated and measured water-level elevations are presented in 
appendix F. Table 4.4 presents the simulated water budget for 
the transient simulation. Simulated and field measured 
hydrographs are presented in figures 4.18 through 4.19.
Sensitivity Analysis
A sensitivity analysis is performed on a calibrated model 
to assess how changes in values of hydrologie parameters used 
in the numerical model (changes which reflect uncertainties in 
the value of the parameters) influence the model results. 
Typically, model simulations are made using hydrologie 
parameters which are systematically adjusted within realistic 
limits, and the results, which include water-level elevations 
and fluxes, compared to the calibrated results. A model is 
sensitive to parameters which when adjusted within realistic 
limits cause model results to differ significantly from the 
calibrated results. A model is not sensitive to parameters 
which when adjusted do not significantly influence the results 
compared to the calibrated results.
I systematically changed the values of hydrologie 
parameters used in the simulation of the Helena valley-fill
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Table 4.4: Simulated ground-water budget-April 5,1990 through March 14,1991
Acre-feet
33"
CD
CD■DOQ.CaO3"Oo
CDQ.
■D
CD
Recharge April May June July August Scptamtwr October November December January February March Total
PPin 391 864 836 517 466 451 466 451 466 466 421 210 6,003
TMin 631 1,257 539 495 495 479 495 479 495 495 447 224 6,532
SCin 147 176 170 176 176 170 176 170 176 176 159 79 1,949
ICin 243 1,095 1,043 1,078 1,078 1,043 0 0 0 0 0 0 5,582
HVIDin 219 3,627 3,489 4,534 1,360 -1,755 0 0 0 0 0 0 11,035
TSIAin -55 465 85 -131 -65 0 0 0 0 0 0 0 298
MFin 3,302 9,755 4,093 2,276 2,194 2,123 2,193 2,123 2,194 2,194 1,982 991 3,542
Total 4,440 17,239 10,255 8,945 5,703 2,511 3,330 3,223 3,331 3,331 3,008 1,504 66,820
Discharge
DRout 1,376 1,844 1,708 1,743 1,736 1,643 1 ,6 8 6 1,627 1,676 1,671 1,506 752 18,968
PPout 847 2,523 2,326 1,670 928 808 557 539 557 557 503 251 12,066
LHout 994 4,276 4,807 5,566 4,245 2,162 2,380 2,257 2,220 2,114 1,839 895 33,755
Total 3,217 8,643 8,841 8,979 6,909 4,613 4,623 4,423 4,453 4,342 3,848 1,898 64,789
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Figure 4.18: Simulated and measured hydrograph of wells GS5 
and GS12.
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Figure 4.19: Simulated and measured hydrograph of wells GS41 
and GS19.
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ac[uifer to determine which parameters influence model results 
the greatest. Each parameter was varied uniformly over a 
range while the rest of the parameters were held at there 
calibrated value. To assess the effects of changing the 
parameters, the Root Mean Square (RMS) error of simulated 
versus measured head was determined for either each simulation 
or selected stress period of the sensiytivity analysis using 
the same twenty-six wells used in calibration. For steady- 
state, parameters I adjusted included: 1) recharge from 
Prickly Pear Creek (PP.̂ ) ; 2) recharge from Tenmile Creek
(TM,̂ ) ; 3) recharge from Sevenmile Creek (SC,-̂ ) ; 4) discharge 
to Prickly Pear Creek (PP̂ ut) ' 5) recharge from bedrock (Br,-„) ; 
6) drain conductance; 7) drain bottom elevation; 8) layer 
three thickness; 9) horizontal hydraulic conductivity of 
layers one, two, and three; and 10) vertical hydraulic 
conductivity of layers one, two, and three. For transient 
sensitivity analysis, I adjusted: I) specific yield; 2)
storitivity of layer two; and 3) storitivity of layer three.
Results of the sensitivity analysis performed on the 
steady-state parameters are shown in table 4.5. The model 
appears to be most sensitive to vertical and horizontal 
hydraulic conductivity, and inflow bedrock. Either increasing 
the horizontal hydraulic conductivity or decreasing the inflow 
from bedrock by a small percentage over the calibrated values 
caused many model cells in layer one to become dry which 
caused the model to fail to converge.
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Results of the sensitivity analysis on the transient 
parameters are shown in figures 4.20, and table 4.6. 
Simulations using a specific-yield value of 0.20 resulted in 
a maximum increase in the RMS error over the RMS error 
obtained by the calibrated steady-state simulation of about 
one foot which suggests that the transient simulation is not 
sensitive to specific yield. However, hydrographs of 
simulations using specific-yield values larger than the value 
used in the calibrated transient simulation do not respond 
similarly to field measured hydrographs. This indicates that 
the transient model is in fact sensitive to specific yield, 
and that a lumped parameter may not be the best way to assess 
either model calibration or sensitivity. The model is not 
sensitive to the storitivity of either layer two or layer 
three as indicated by the RMS error and hydrographs of 
simulations using various values of storitivity.
Steady-state and transient input files are located in 
appendix G (back pocket) on a 1.44 megabyte computer disk. 
The files for the steady-state simulation are under the 
directory "steady", and the files for the transient simulation 
are under the directory "trans".
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Table 4.5: Results of sensitivity analysis on steady state model parameters 
[Root-mean-square error. In feet; FTC-talled to converge]____________
-50 •25 -20 •15 •10 •5 0 5 10 15 20 25 50
PPin 6.31 6.27 6.23 6.21 6.21 6.00 6.25 6.30 6.28 6.33 6.39
TMin 6.36 6.28 6.22 6.19 6.19 6.00 6.26 6.34 6.42 6.54 6.69
SCin 7.14 6.47 6.38 6.31 6.26 6.22 6.00 6.21 6.22 6.26 6.31 6.37 6.89
PPout 6.65 6.28 6.24 6.21 6.20 6.20 6.00 6.23 6.27 6.33 6.39 6.48 7.13
MFin FTC 8.16 7.18 6.00 6.26 6.80 7.72 888 10.20 17.80
DRcond (1) 7.53 6.45 6.35 6.27 6.21 6.16 6.00 6.09 6.07 6.06 6.05 6.04 6.07
KandT 0 38.60 15.40 12.20 9.62 7.42 6.42 6.00 7.37 FTC
Change in feet
-10 ■5 -4 •3 -2 •1 0 1 2 3 4 5 10
DRbot (3) 9.18 6.65 6.41 623 6.12 6.09 6.00 6.23 6.40 6.63 6.92 7.26 9.48
cr
1—H
CD •500 -400 -300 -200 -100 0 100 200 300 400 500
Q.
g
L3thlck (4) 7.51 6.83 6.45 6.26 6.19 6.00 6.27 6.35 6.44 6.53 6.62
3"
O Factor
T3 0.1 0.2 0.4 0.6 0.8 0 2 4 6 8 10
CD Vcont (5) 20.10 13.60 8.78 7.08 6.43 6.00 6.45 7.71 8.10 8.34 8.51
(1) Drain conductance 
0  Hydraulic conductivity and transmissivity
(3) Drain bottom elevation
(4) Layer three thickness-only cells greater than 1,000 feet adjusted
(5) Vertical conductance
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Figure 4.2o; Root-mean-square error for transient sensitivity
analysis.
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Chapter V: IHscussion
The hypothesis of this thesis is that intermontane basins 
of Montana receive mountain-front recharge. My analysis of 
the Helena valley-fill aquifer system showed the hypothesis to 
be true based on several lines of evidence. First, 
potentiometric contours are generally parallel to the bedrock/ 
alluvium contact within the valley fill indicating flow out of 
the bedrock into the valley-fill aquifer. Anderson and others 
(1988) point out that in the upper San Pedro Basin in southern 
Arizona mountain-front recharge is the largest source of 
recharge and that potentiometric contours are almost parallel 
to the mountain front. Therefore, a qualitative determination 
of which other basins in Montana receive mountain-front 
recharge can be made through analysis of potentiometric maps 
(Anderson and others, 1988).
Second, water-budget analysis indicates that mountain- 
front recharge to the Helena valley-fill aquifer is between 
694 and 1,600 acre-feet/year/mile of valley fill. This 
represents between 20% - 70% of the total recharge. Thomas 
and others (1989) estimated mountain-front recharge rates for 
the Smith Creek Valley in Lander County, Nevada to be about 
148 acre-feet/year/mile of valley fill. Clark and Appel 
(1985) estimated mountain-front recharge along the Wasatch 
Front in the northern Utah Valley to be a minimum of 4,545 
acre-feet/year/mile. Clark's (1985) modeling effort confirmed
91
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this value. Therefore, the rates for the Helena valley-fill 
aquifer are reasonable.
Third, numerical simulations of the valley-fill aquifer 
confirm that the estimate of mountain-front recharge is 
reasonable. For the transient simulation, mountain-front 
recharge accounted for 53% of the total water budget. The 
numerical simulations also demonstrate that the rate of 
mountain-front recharge is not constant with either time or 
depth. Rather, mountain-front recharge increases during late 
spring and early summer and decreases during late summer and 
early fall, and is constant the remainder of the time- - 
responding similar to nearby stream hydrographs.
The simulated mountain-front recharge flux decreases with 
depth because the hydraulic conductivity of layer 3 may be low 
enough to impede the flow into the valley-fill aquifer. Also, 
the decrease in flux with depth may be due to increased 
lithostatic pressure which causes bedrock fractures or other 
openings to decrease in frequency, width, and therefore 
permeability with depth.
Because recharge rates from most sources increase at the 
same time of year, it is difficult to determine which one 
influences the potentiometric surface the most. However, the 
spatial distribution of irrigated areas and irrigation canals 
and laterals suggest that recharge from these two sources 
which totaled between 10,690 and 67,670 acre- feet--between 14% 
and 6 8% of the conceptual water budget--do not cause the
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response of the potentiometric surface observed in wells along 
the southern and western margins of the valley--a relationship 
demonstrated during numerical-model calibration. Rather, the 
increase in mountain-front recharge and, to a lesser extent, 
infiltration of surface-water from the streams to the valley- 
fill aquifer system causes the rise in the potentiometric 
surface.
In the conceptual model, ground-water discharge to Lake 
Helena was quantified using a water-budget analysis. 
Discharge to Lake Helena could not be constrained to a narrow 
range because of the error associated with other values used 
in the calculations. The results of the transient simulation, 
though, show that ground-water discharge to Lake Helena was 
about 19,000 acre feet and did not vary appreciablely with 
time. Transient simulated ground-water-discharge rates to 
drains and the gaining reach of Prickly Pear Creek increased 
significantly during May through August compared to the 
conceptual ground-water budget which was based on measurements 
made after this period. This increase in discharge to drains 
and Prickly Pear Creek is reasonable owing that during the 
same period the net change in the potentiometric surface and 
storage near Lake Helena was minimal compared to other parts 
of the valley. Therefore, because storage did not increase 
significantly in the areas near drains and Prickly Pear Creek, 
ground-water discharge to these features had to have increased 
as indicated by the numerical model.
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The quantity of precipitation falling directly on arid 
and semi-arid intermountain basins is of insufficient 
quantities, except for periods of sustained rain, to recharge 
the underlying aquifers. Rather, precipitation falling on the 
adjacent mountains is more important in recharging the bedrock 
aquifer which subsequently flow into and recharge the aquifers 
of the adjacent valleys.
In some of the basins tributary to the Helena 
Valley, precipitation can be as great as 30 inches per year 
in the higher elevations, whereas in the valley it averages 
about 11 inches per year. For example, the Prickly Pear 
Creek drainage, on average, receives about 235,000 acre-feet 
of precipitation per year. In contrast, mean annual surface- 
water discharge of Prickly Pear Creek into the Helena Valley 
is only 40,480 acre-feet based on the long-term discharge 
record (Briar and Madison, 1992). Although much of the 
difference between precipitation input and surface-water 
outflow can be attributed to évapotranspiration and other 
consumptive uses, some of the difference is due to 
precipitation that infiltrates the bedrock aquifer. 
Quantifying fracture-flow in the mountain mass adjacent to the 
Helena Valley is beyond the scope of this study; however, the 
quantity of precipitation falling on the mountains adjacent to 
the Helena Valley probably can be assumed to be more than 
adequate to recharge the bedrock aquifer which subsequently 
discharges part or all of its flow into the valley-fill
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aquifer.
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Chapter VI: Summary and Recommendations
The Helena Valley is geologically and hydrologically 
similar to other intermountain basins in Montana. The 
Helena Valley is underlain by a sequence of Tertiary and 
Quaternary age unconsolidated sedimentary deposits, and is 
surrounded by folded and faulted Precambrian through 
Cretaceous igneous and metamorphic rocks. The Tertiary 
deposits which lie unconformably on bedrock attain a maximum 
thickness of 6,000 feet near Lake Helena and consists of 
light-colored fine-grain volcaniclastic sediments. The 
Quaternary deposits lie unconformably overly bedrock and 
Tertiary deposits and consist of gravel, sand, silt, and 
clay deposited in an alluvial-fan environment. The 
Quaternary deposits become finer grain away from the 
mountains towards Lake Helena. Based on the contrast in 
grain size, the Quaternary and Tertiary deposits are 
recognized as separate hydrostratigraphic units that are 
hydraulically connected.
Contours of thé potentiometric surface are parallel to 
the valley-fill boundary except along the eastern boundary 
where they are generally perpendicular. Ground water 
therefore flows away from the bedrock towards Lake Helena in 
the northern, western, and southern parts of the valley. 
Ground-water has an upward component of flow in within about 
a four mile radius of Lake Helena--the regional discharge 
zone--, and downward component of flow everywhere else--the
96
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regional recharge zone.
The valley-fill aquifer is recharged by inflow from 
bedrock along the mountain-front, infiltration of water from 
streams and irrigation canals, and excess irrigation water 
and precipitation. Recharge from infiltration of irrigation 
water and precipitation not evapotranspired, and irrigation 
canal leakage occurs primarily in the regional discharge 
zone, therefore these sources do not greatly influence 
water-level fluctuations along the margins of the valley. 
Water-level fluctuations along the margins of the valley are 
attributed to changes mountain-front recharge and stream 
infiltration rates.
Ground water discharges from the valley-fill aquifer to 
drains. Prickly Pear Creek, and Lake Helena. Discharge to 
évapotranspiration occurs when the quantity of water 
consumed by plants exceeds precipitation and applied 
irrigation. Because aquifer storage in the discharge zone 
does not change relative to storage changes in other areas, 
discharge to Lake Helena, drains, and Prickly Pear Creek 
must increase in proportion to storage increases in other 
areas of the valley.
Numerical model simulations for steady-state and 
transient conditions validate the conceptual model developed 
for the Helena valley-fill aquifer. The numerical model was 
calibrated using hydraulic properties that were within the 
range determined from aquifer tests. Horizontal hydraulic
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conductivity values of the Quaternary hydrostratigraphic 
unit decreased away from the valley margins toward Lake 
Helena,
For both steady-state and transient simulations, inflow 
from bedrock along the mountain front accounted for the 
majority of the total recharge to the valley-fill aquifer. 
The simulated mountain-front recharge flux decreased with 
depth indicating that either the permeability of the bedrock 
decreases with depth or that the horizontal hydraulic 
conductivity of the Tertiary hydrostratigraphic unit impedes 
the flow from the bedrock or both.
Transient simulations show that mountain-front 
recharge, and infiltration of water from streams increases 
significantly during the spring and summer and causes the 
observed increase in the potentiometric surface along the 
margins of the valley. During this same period, ground­
water discharge to drains and Prickly Pear Creek increases, 
reflecting not only the increase in mountain-front recharge 
and infiltration of stream water, but also recharge from 
excess irrigation water and precipitation. Simulated 
discharge to Lake Helena increased only slightly during this 
period.
Recommendations for Future Work
Assessing inflow into intermountain basins
1) A qualitative evaluation of other intermountain basins
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in Montana that receive mountain-front recharge can be made 
using potentiometric maps. Basins receiving mountain-front 
recharge would have potentiometric contours that are nearly 
parallel to almost normal to the valley-fill/bedrock 
contact depending on the quantity of inflow.
(2) A qualitative determination of recharge to bedrock 
aquifers within the mountains can be accomplished by 
accounting for precipitation inputs and surface-water 
outputs for large catchment areas, and by assessing 
évapotranspiration from these areas using satellite data.
Recommendations for future work in the Helena Valley
(1) The distribution of aquifer properties in the Helena 
valley-fill aquifer is not well known due to the 
heterogeneous nature of the aquifer material. Many more 
aquifer test would be required to adequately characterize 
the distribution of aquifer properties. However, aquifer 
tests are time consuming and generally only characterize a 
small area around the tests site. Determining the 
correlation between field-measured specific capacity (not 
specific-capacity data reported by drillers) with 
transmissivity and hydraulic conductivity from selected 
aquifer-tests sites would allow one to characterize the 
distribution of hydraulic conductivity and transmissivity 
using specific-capacity data which could be collected from
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many wells in a short period. This would have implications 
in other basins as well.
2) The surficial extent of valley-fill deposits in the 
Helena Valley is well known. However, the nature of valley- 
fill deposits at depth, particularly the thickness of the 
Quaternary deposits, is poorly known. Surface geophysical 
investigations could be used as a fast and inexpensive way 
to determine the contact between the Quaternary and Tertiary 
deposits at depth.
3) Construction and sampling of deep wells could be used to 
determine the depth of ground-water circulation and provide 
useful lithologie and hydraulic information. Also, aquifer 
tests could be made at various depths during drilling to 
assess the aquifer properties.
4) Quantification of the spatial and temporal variation in 
leakage of water from steams and irrigation canals to the 
ground-water system is needed. With the cooperation of the 
Helena Valley Irrigation District, a low-flow investigation 
to determine leakage from the Helena Valley Irrigation Canal 
could be done at the beginning and end of the irrigation 
season when water from the main canal is diverted to only a 
few laterals, thereby increasing the distance between 
discharge measurement sites. Seepage meters could also be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 0 1
used to measure leakage directly.
5) To refine the estimate of ground-water discharge to Lake 
Helena a combination of things can be done. To account for 
surface-water inputs into Lake Helena, surface-water gaging 
stations could be installed close to where Prickly Pear 
Creek and the three principal drains enter Lake Helena.
More important, though, is eliminating the error associated 
with quantifying surface-water outflow through the causeway 
at Lake Helena, which is used in the water-budget equation 
of Lake Helena. This may be achieved by instrumenting the 
causeway with meters that directly measure velocity and 
direction of flow. Instrumenting the causeway with velocity 
meters would also allow measurements to be made year round. 
Seepage meters could also be used to determine ground-water 
discharge to Lake Helena.
6 ) To better quantify the amount of water released from the 
Helena Valley Regulating Reservoir, a continuous recorder 
could be installed at an existing stilling well located only 
a short distance downgradient of the Regulating Reservoir, 
and a stage-discharge relationship established. By 
calibrating the weirs that the Helena Valley Irrigation 
District personnel use to measure flow, excess irrigation 
water diverted to drains could be quantified more 
accurately. Quantifying reservoir release and water
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diverted to drains would better define the amount of water 
applied to fields, and the amount that infiltrates into the 
ground.
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Appendix A
Well identifier cross-reference with UGSG GWSI
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Appendix A; Well identifier used in this thesis cross referenced 
with U.S. Geological Survey "local number". Specific information 
about these wells including water-level data can be obtained from 
the U.S. Geological Survey in Helena, Montana.
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Identifier Identifier
Thesis USGS Thesis USGS
DM1 10NQ4W23BBCB01 GS28 11N03W33BBAA02
DM2 10N04W1S8AAB01 GS29 11N03W33BBAA01
DM3 10N04W15BABD02 GS30 10N03W03BACB01
DM4 10N04W02CBAA01 GS31 10N03W03BACB02
DM5 10N04W13ÀCCD02 GS32 11N03W33DDDC02
DM6 10N02W18DDC001 GS33 11N03W33DDDC01
DM7 10N03W25CDBA02 GS34 11N03W21DDA001
DM8 10N03W27CCAB01 GS35 11N03W22BBC802
DM9 10N03W31BDBD01 GS38 11N03W15C8CC01
DM10 10N04W25DBDC01 GS37 11N03W21BBAA01
DM11 10N02W29CCAA03 GS38 11N02W300CAD01
DM12 11N03W12CCCC01 GS39 11N02W31ACAA01
DM13 11N04W11AOAB01 GS40 10N02W06CBCC01
DM14 11N03W08B8BD01 GS41 10N02W07BBBB01
DM15 11N04W28ACA801 GS42 10N03W02DDDD02
GS1 10N04W2388BBQ1 GS43 10N03W02DDD003
GS2 10N04W23BBCB02 GS44 11N03W35DDBB01
GS3 10N04W150BBB01 GS45 11N03W35DACC01
GS4 10N04W10DDOA01 GS48 10N03W11ABBB01
GS5 10N04W12CADB01 GS47 10N03W15BC8A01
GS6 10N04W12ACDA01 GS48 10N03W16DBAD01
GS7 11N04W250DDD01 GS49 10N03W22AAAA01
Gse 11N03W30BAAA01 GS50 10N03W11DDCC02
GS9 11N03W20B8BB01 G551 10N03W11DDCC01
GS10 11N03W30DA0A01 GS52 11N03W15DCDD01
GS11 11N03W31DABA01 UNI 10N04W23ABBC01
GS12 10N03W06DBAA01 UN2 10N04W15CCCC01
GS13 10N03W06DBAA02 LW3 10N04W13ACCD01
GS14 10N03W05CCDD01 UN4 1CN04W01DCAD01
GS15 10N03W08CBCC01 UN5 11N03W31BBDB01
GSie 10N03W17DDAD01 UN6 11N03W318ADD01
GS17 10N03W17DDAD02 UN7 10N03W07AAAA01
GS16 10N03W17ACCC02 UN6 10N03W17CCCC01
GS19 10N03W17ACCC01 U49 10N03W13BAOD01
GS20 10N03W17ACAD01 IMIO 10N03W25CDBA01
GS21 10N03W17ABBB01 UN11 11N02W32DOCD01
GS22 10N03WÔ9ACCC02 UNI 2 10N03W15DDCA01
GS23 10N03W09ACCC01 UNI 3 10N03W23DAAD01
GS24 10N03W04DCCD02 UNI 4 10N03W18CACD01
GS25 10N03W04DCCD01 UNI 5 11N04W14DCCA01
GS26
GS27
10N03W05BAAA01
10N03W05BAAB01
UNI 8 11N03W22BBCB01
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Appendix B
Streamflow into the Helena Valley
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ill
The USGS operates streamflow-gaging stations 06061500 on 
Prickly Pear Creek and 06062500 on Tenmile Creek year-round. 
The USGS operated streamflow gaging stations 06061900 on 
McClellan Creek, 06062990 on Tenmile Creek, and 06063600 on 
Sevenmile at least for the months of April through September 
of the study period. Table B1 provides a summary of the 
streamflow for the study period.
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TaMe B1 : Straamflow Into tha Hatana Vallay-April 1990 through March 1991 -contir>uad
Nw MC4ë*MeCMw» Ctmk. nWk.T##m$# #Wk.#w*m*W Cmek #C4ë-##w «
Ootobor Novombor December January February March Total
L H l H L H l H L H L H L H
PPdIt (1) 1.030 1.250 1,000 1.220 640 1,060 560 030 650 1.040 1,040 1,260 21,690 27.260
MCdIs (2) 500 740 410 660 350 500 300 400 280 460 360 640 13.800 17,750
TMdto (3) 270 320 210 350 220 370 220 370 200 330 300 370 14.520 18,120
SMdia (4) 00 160 00 150 00 160 00 160 80 140 240 300 3,270 4,320
SCdi» (5) 40 130 20 100 20 00 10 60 10 70 10 120 090 3,040
Total 1.030 2.600 1.730 2.500 1.320 2.270 1.180 2,030 1,420 2.040 1,070 2,710 54,470 70.420
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m VM# I*n m mm IWWII WWIlBî 4#WN#h mm# #* wiimuhmi*
,««##KA###ww#hù*w%w.mWm* $0%*#
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Appendix C
Irrigation Summary
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Appendix D
Evapotranspiration Summary
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I calculated évapotranspiration (ET) using the Blaney- 
Criddle formula (U.S. Soil Conservation Service Engineering 
Division, 1970). The formula was developed for calculating 
monthly ET (in inches) from land during the growing season 
in arid parts of the western United States. It takes into 
consideration the type of vegetation, the mean monthly air 
temperature, the percentage of daylight hours in a month 
with respect to a year, and the growth stage of the 
vegetation under consideration.
I applied the Blaney-Griddle formula making the 
assumption that alfalfa is the principal crop being grown in 
the valley. Field observations substantiate this claim. 
However, there are areas in the irrigated portions of the 
valley where pasture grass is grown.
I used study period temperature data collected at a 
climatological station located at the Helena Airport. The 
elevation at the climatological station is about 3,800 feet, 
therefore, the temperature data from the climatological 
station is probably representative of the temperature in the 
irrigated portions of the valley.
Table Dl shows values of ET calculated using the 
Blanney-Griddle formula and free-surface water evaporation 
calculated using study period pan evaporation data from the 
Canyon Ferry Dam climatological station and a pan 
coefficient of 0.74 (National Oceanic and Atmospheric 
Administration, 1982b). Values of ET calculated using the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Blaney-Criddle formula for the months of June, July, and 
August are greater than the values of free-surface water 
evaporation for the same months. Because évapotranspiration 
generally does not exceed free-surface water evaporation, I 
used the Blaney-Criddle ET values to bracket the high-end of 
the ET range. I bracketed the low end of the 
évapotranspiration estimate with an error of -25%.
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CD Table D.1 : Evapotranspiration summary, 1990
C/)
C/)
8■D
(O'
3.3"
CD
CD■DOQ.CaO3"Oo
(8C-ei#n#y Cnddi# svapoesnsplration; FWS*Frse>woter surface evaporatton; H\nDel«Evapotranspiration from Heletna Valley ImgaSon District; 
TSet-EvapotranspiraUon from the Tenmile/SevenmNe irrigation area; ETtot«total évapotranspiration; L-Low; M-Hlgh|
Inches
June Julyec
FWS
1.04 3.43 581 
5 1
79188 5.25S 3.08 4 1 1.44
Acra-leal
April May Juna July August Septsmbsr Oclobar Total
I H L H L H L H L H L H L H L H
HVIDai (1) 1780 2380 3320 4430 5430 7250 7660 10220 5090 6780 2980 3980 1400 1860 27660 38900
TS« (2) 80 110 ISO 200 250 330 350 470 230 310 140 180 80 80 1260 1680
ETtol 1880 2490 3470 4630 5680 7580 8010 10890 5320 7090 3120 4160 1480 1940 28930 38580
(1) EvapotranspifaSon from 15,500 acres of land High estimate is equal to évapotranspiration calcinated using Baney-Criddle Formula Low estimate is 25%  less than the high estimate. 
(2| Evapotranspiration from 704 acres of land. High estimate is equal to évapotranspiration calculated using Blaney-Criddle Formula. Low estimate is 25%  less than the fwgh esbmale
CDQ.
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Appendix E
Lake Helena water budget
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Appendix E: Lake Helena water budget-August through October 1990, and March 1991
[CSWYout»sur1ace-water flow out of Lake Helena at the causeway; Eout= evaporation from Lake Helena;
TOTSWout=total amount of surface water flowing out of Lake Helena; PPIh=Prickly Pear Creek flow where it enters Lak 
SEin=Sewage effluent; HVIDspill=excess irrigation water; PPTin=Precipitaion on Lake Helena;
DRin «drain flow into Lake Helena; QWin=ground-water discharge into Lake Helena; TOTSWin «total amount of surface 
water flowing into Lake Helena; L—LOW; and H«High)
Acre-Feet
August September October March
L H L H L H L H
CSWYout 6,440 16,980 6,940 18,310 4,800 12,650 3,910 10,320
Eout 820 910 470 520 210 240 250 280
TOTCWout 7,260 17,890 7,410 18,830 5,010 . 12,890 4,160 10,600
PPIh 460 1,410 960 2,100 1,200 2,460 1,100 2.370
SEin 280 310 270 300 270 300 270 300
HVIDspill 2,680 3,620 2.480 3,350 40 60 0 0
PPTin 390 430 17 19 17 19 140 150
DRin 2.740 3,020 2,650 2.920 2.740 3,020 2,070 2,300
TOTSWin 6,560 8,790 6,380 8,690 4,270 5,860 3,580 5,120
Ground water discharge into Lake Helena
GWin 700 9,100 1,030 10,140 740 7,030 580 5,480
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Appendix F
Simulated and field measured water-level elevations
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Appendix G
Model input files
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The steady-state and transient input files are on a 3.25 
inch computer disc in the pocket in the back of this thesis. 
The datum used for making the input files was 3,000 feet. 
For example, a cell-bottom elevation of 3,788 feet would be 
represented as 788 feet in the input file.
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